In nature, water is present as a low-salt solution, thus we hypothesized that thirst would increase taste responses to low-salt solutions. We investigated the effect of thirst on the 2 different salt detection mechanisms present in the rat chorda tympani (CT) nerve. The first mechanism is dependent upon the epithelial sodium channel (ENaC), is blocked by benzamil, and is specific to the cation sodium.
Introduction
Terrestrial mammals must balance bodily fluids and bodily salts. Salts will come from food consumed and fluids ingested. Fluid consumption is a taste-guided behavior. Rodents use taste to choose which fluids to consume and can exhibit a preference for solutions with different sodium concentrations. Sodium preference can change with diet, hormone levels, and hydration state.
Dehydration has behavioral and physiological mechanisms that aim to restore or maintain sodium balance in the extracellular fluid compartment (Takei 2015) . Thirst is the motivated state to consume water to replenish this fluid. Water replete and moderately thirsty rats tend to prefer isotonic sodium solutions (Contreras and Smith 1990; Contreras and Studley 1994) . While developing hypovolemic (low blood volume) thirst, rats initially reject high salinity solutions in preference for distilled water, and release sodium in urine. However, over time, hypovolemia induces a preference for hypertonic saline (Stricker et al. 1992; De Luca et al. 2010) . These drinking behaviors are thought to exist in order to avoid sodium and thus avoid concentrating the ion in the extracellular fluid compartment; while also balancing sodium concentrations and osmotic pressure. Interestingly, both taste receptor cells within the lingual epithelium and epithelial cells along the kidney utilize the epithelial sodium channel (ENaC) to move sodium across membranes.
Physiological changes can regulate ENaC in several organs, including the epithelia of the kidney, lung, colon, and tongue. A lowsodium diet enhances ENaC in the kidney (Stokes and Sigmund 1998; Frindt et al. 2016) , and colon (Ono et al. 1997) . On the other hand, a low sodium diet reduces NaCl responses in NaCl-best neurons (Contreras and Frank 1990) , and alters ENaC-dependent currents in the lingual epithelium (Garcia et al. 2008) .
ENaC is important in chorda tympani (CT) sodium taste transduction (Garcia et al. 2008; Breza and Contreras 2012b; Martin and Sollars 2015) and is altered by hormones in sodium hunger (Frank et al. 2008) . For example, aldosterone alters both ENaC expression and CT responses to salt (Herness 1992) . Additionally, vasopressin alters ENaC activity in both kidney (Ecelbarger et al. 2000; Mironova et al. 2012) and taste receptor cells (Gilbertson et al. 1993; Okada et al. 1996) .
Naturally occurring waters are consistently contaminated with sodium (Beysens et al. 2009; Sutcliffe 1998 ) and the terrestrial animal must regulate sodium (Daniels and Fluharty 2004) . Drinking is the behavioral regulation of fluid balance in terrestrial mammals (Daniels and Fluharty 2004; Takei 2015) and is taste guided (Scalera et al. 1997; Daniels and Fluharty 2004) . Therefore, we hypothesized that salt taste would help to regulate fluid balance. Although taste and kidney salt processing are impacted by diet and thirst, to our knowledge there are no reported data on how taste-sensitive cranial nerves respond to physiological thirst. Further, terrestrial animals encounter waters with a wide range of salinity; from low-salinity lakes (Sutcliffe 2010 ) to mid-salinity rainwaters (Beysens et al. 2009 ) and, last, to high-salinity springs (Sutcliffe 1998) . Therefore, a better understanding of how taste nerves respond to salts during thirst is needed for proper explanation of fluid consumption during thirst.
In the present study, we measured whole-nerve electrophysiological recordings of the CT branch of the facial nerve in the rat-the model system for salt taste. We induced thirst via a behaviorally relevant paradigm-water restriction-and compared whole-nerve electrophysiological responses to a sodium chloride concentration curve. Additionally, both hypovolemic and hyperosmotic thirst agents were used, to compare different types of thirst, and again compared responses to a broad range of sodium chloride concentrations. We found that each mechanism of inducing thirst (water deprivation, hypovolemia, and hypernatremia) enhanced CT nerve responses to sodium chloride-particularly at concentrations above typical blood levels. Additionally, all types of thirst increased sodium detection via an ENaC-dependent mechanism. In addition, thirstenhanced CT ENaC currents and may be a mechanism for changes in behavioral fluid consumption during thirst.
Materials and methods

Animals
Sprague Dawley males were chosen as they are used to describe the taste properties of CT neurons (DeSimone and Ferrell 1985; Ninomiya and Funakoshi 1988; Lundy and Contreras 1999; Contreras 2012a, 2012b) . Additionally, Sprague Dawley males are routinely used for both taste (Spector et al. 1996; Sclafani and Ackroff 2003; Wifall et al. 2007 ) and thirst (Stricker et al. 1992; Daniels et al. 2005; Krause et al. 2010 ) behavioral studies. Adult male Sprague-Dawley rats (N = 33; 360-500 g) were housed in standard shoebox cages with free access to food and water, except where noted. The room was temperature controlled with a 12:12 h light:dark cycle (lights on at 7:00 AM). For experiment 1, rats were split into 2 experimental groups: control, with continued access to water (n = 7), and 24-h water restriction (n = 7). Water restricted rats had water removed between 9:00 and 10:00 AM. For experiment 2, rats were split into 3 experimental groups, each with a subcutaneous injection of 0.1 mL 2% lidocaine followed by: 2 M urea (1 mL/300 g; N = 6), 2 M NaCl (1 mL/300 g; N = 6), or 30% polyethylene glycol (PEG, 20 kD; 3.75 mL/300 g; N = 5). Injections were given between 8:00 and 10:00 AM. Anesthesia was induced 3 h post injections, as this a time where hypovolemic rats rapidly increase water consumption, but not saline (Stricker et al. 1992) . The Animal Care and Use Committee approved all procedures (protocol # 1108).
Chemicals and solutions
All chemicals were pharmaceutical or reagent grade. NaCl, KCl, CaCl 2 , MgCl 2 , NaHCO 3 , Na 2 SO 4 , and NH 4 Cl were from SigmaAldrich. NaCl and KCl were applied in a concentration curve (30, 75, 150, 300, 500 , and 600 mM), and NH 4 Cl was applied at 300 mM. To mimic a naturally occurring hypotonic stimulus, imitation rainwater was concocted using reported ion concentrations (Beysens et al. 2009 ) found in rainwater collected within the historical habitat of the rat (Hedrich 2000) . Imitation rainwater was applied alone (0.88 Na+, 0.275 Ca++, 0.16 Mg++, 0.026 K+, 1.01 Cl-, 0.065 Figure 1 . Chorda tympani integrated RMS responses to a NaCl concentration curve across 3 experimental groups. The lingual epithelium was continuously perfused with artificial saliva (AS), and 6 NaCl concentrations (30, 75, 150, 300, 500, 600 mM) in AS were presented for 5 s each. Recordings from experimental conditions, (A) Control; (B) 2 M urea subcutaneous injection; and (C) 30% PEG subcutaneous injection are shown. Notice that subcutaneous PEG, which induces hypovolemia, greatly increases CT response to high Na concentrations. Scale bars: Y-axis: 0.25 µV; X-axis: 10 s.
HCO 3 -, and 0.038 SO 4 -in mM; pH 6.4 ± 0.2). Polyethylene glycol (PEG; 20kD MW) was from Fluka, and lidocaine was from Henry Schein. Artificial saliva (AS; 15 NaCl, 22 KCl, 0.3 CaCl 2 , and 0.06 MgCl 2 in mM; pH 5.8 ± 0.2) served as the rinse and solvent for all solutions (except for imitation rainwater), consistent with previous studies (Breza et al. 2010; Contreras 2012a, 2012b) . The dorsal lingual surface was continuously perfused at 50 μL/s at 35°C with computer-controlled delivery system (Octaflow, ALA Science). Rinse was either AS or AS plus 5 μM benzamil, as described previously (Breza and Contreras 2012a) .
Electrophysiological recordings
Rats were anesthetized with urethane (1.7 g/kg body wt), tracheostomized, and secured in a non-traumatic head holder. Urethane injections were given either 24-h following water removal (experiment 1) or 3-h following subcutaneous injection (experiment 2). Body temperature was maintained at 37°C with a custom apparatus (Paul Hendrick, FSU). The chorda-tympani nerve was exposed by a mandibular approach, transected proximally, and desheathed. The CT nerve was cut near its entrance into the tympanic bulla and draped over a platinum wire hook (amplifier's positive lead), and the entire cavity was then filled with high-quality paraffin oil (VWR International) to isolate the signal from ground and maintain nerve integrity. An indifferent electrode (amplifier's negative lead) was attached to the skin overlying the cranium with a stainless steel wound clip. CT nerve activity was differentially amplified (AC × 10,000; A-M Systems; bandpass 300-5000 Hz), integrated using the root mean square (RMS) method (200-ms time constant), digitized (micro1401 CED) and stored on a personal computer. Area under the curve (AUC) for the 5-s integrated response was baseline subtracted and compared across treatments (Goto et al. 2001; Osada et al. 2003 ).
Other measurements
Rats in experiment one (water deprivation) were observed for signs of thirst. Body mass, food mass, and water consumption mass were collected daily for 2-4 days prior to electrophysiological recordings. Water-deprived rats also had urine collected as reported previously (Kurien et al. 2004) . Urine was collected into glass petri dishes both on the day prior to and morning of electrophysiological recording and frozen until measurement. Urine osmolarity (10 µl sample) was measured in duplicate (Wescor Vapro 5520) and averaged.
Statistics
Statistical analyses were conducted in GraphPad Prism (ANOVA, t-test) and Microsoft Excel (effect size calculation). Effect sizes were calculated according to Cohen (Cohen 1988) as reported previously (Breza and Contreras 2012b) . All electrophysiological data were analyzed as 2-way ANOVAs with group and salt concentration as the factors. Bonferroni's multiple comparison post hoc test was used to compare concentrations between control and water restricted groups. Sidak's multiple comparison post hoc test was used to compare concentrations between urea and NaCl and urea and 30% PEG. Alpha was set at 0.05 for all analyses.
Results
We first sought to investigate the most likely and, therefore, physiologically relevant thirst: that induced by a lack of water. Waterrestricted and replete rats had significantly similar body mass (410 vs. 420 g). However, on the experimental recording day water-restricted rats lost mass (-7%) while replete animals gained mass (+3%), compared to the previous day. Compared to replete rats, water-restricted rats also ate significantly less food (20.4 vs. 29.7 g; N = 7, t = 4.24, P < 0.05, d = 2.27). Importantly, water restriction increased urine osmolarity 30%, from an average of 1557 to 2243 mOsm (N = 7, t = 6.84, P < 0.05, d = 1.45), similar to previously reported change in male SD rats (Amlal and Wilke 2003; Chen et al. 2009 ). Confident that 24-h water restriction had induced both behavioral and physiological changes, we next recorded CT responses to lingual application of sodium (Figure 1) . Differences in sodium concentration-dependent CT whole-nerve responses were evident in water-restricted and replete rats (Figure 2 ). The lingual epithelium was stimulated with 5-s applications of sodium chloride dissolved in artificial saliva (AS). Water-restriction significantly increased the integrated CT whole-nerve sodium response (N = 7 animals per group, F(1, 84) = 6.42, P < 0.05). Multiple comparisons failed to find significance at any given NaCl concentration, including the dilute NaCl solution in imitation rainwater (Sidak post hoc, P > 0.05). Additionally, the response to KCl did not significantly change [N = 7 animals per group, F(1, 72) = 0.48, P > 0.05]. These results indicate that the sodium response increases during water deprivation.
To test a role for ENaC, CT sodium responses were measured following application of the specific ENaC blocker, benzamil. Benzamil reduced the whole-nerve response to sodium (i.e., compare Figures 3A to 2) . However, the replete and water-restricted groups were not significantly different in the benzamil-insensitive response (N = 7 animals per group, F(1, 72) = 2.72, P > 0.05). The benzamilsensitive response ( Figure 3B ) was calculated by subtracting the benzamil-insensitive whole-nerve response (i.e., Figure 3A ) from the total whole-nerve response (i.e., Figure 2 ). Water-restriction significantly increases the benzamil-sensitive CT response to sodium (N = 7 animals per group, F = 8.15, P < 0.05). Thus, water restriction specifically increases ENaC-sensitive sodium responses in the CT.
Thirst can be induced by either a loss of intracellular fluid (volemic thirst) or by an excess of ions in the extracellular fluid (osmotic thirst). To specifically induce volemic thirst animals were given a subcutaneous injection of PEG; while osmotic thirst was induced by a subcutaneous injection of hypertonic saline (i.e., hypernatremia). Membrane permeable urea was chosen as a negative control (Fitzsimons 1961; McKinley and Johnson 2004) . Both volemic and osmotic thirsts increased CT whole-nerve responses to NaCl (Figure 4 ; N = 5-6 animal per group, F(2, 98) = 19.11, P < 0.05). Neither thirst increased CT responses to dilute NaCl concentrations, including imitation rainwater (Sidak post hoc test, P > 0.05). Volemic thirst increased CT whole-nerve response to hypertonic sodium solutions (Sidak post hoc test, P < 0.05: 300, 500, and 600 mM), while osmotic thirst increased CT whole-nerve responses to both isotonic and hypertonic sodium solutions (Sidak post hoc test, P < 0.05: 150, 300, 500, and 600 mM). In sum, thirst-inducing agents significantly increase CT responses to NaCl.
We next tested for a role for ENaC in volemic and osmotic thirsts. As before, benzamil reduced the CT whole-nerve response to NaCl (i.e., compare Figures 5A to 4) . However, unlike that seen in water restriction, both volemic and osmotic thirsts significantly increased the benzamil-insensitive NaCl response (N = 5-6 per group, F = 32.65, P < 0.05). Volemic thirst increased the benzamilinsensitive CT whole-nerve response to hypertonic NaCl solutions (Sidak post hoc test: 300, 500, and 600 mM), while osmotic thirst increased benzamil-insensitive CT whole-nerve responses to both isotonic and hypertonic NaCl solutions (Sidak post hoc test: 150, 300, 500, and 600mM). There was also an increase in the benzamilinsensitive response to KCl (Figure 4 ; N = 5-6 animal per group, F(2,84) = 31.74, P < 0.05). Lastly, compared to urea control, both volemic and osmotic thirst significantly increased the benzamil-sensitive CT response to NaCl (N = 5-6 animals per group, F = 4.6, P < 0.05). Thus, in each thirst paradigm the benzamil-sensitive CT response was enhanced, indicating a change in sodium responses mediated by ENaC.
Discussion
The purpose of these experiments was to determine whether thirst altered CT nerve responses to NaCl. Chorda tympani nerve responses to sodium are dependent on physiological state. Thirst, a physiological state of water-electrolyte imbalance, makes the nerve more sensitive to sodium. This is relevant to terrestrial animal behavior and systems physiology, as the only long-term mechanism to rebalance the system is to ingest more low-sodium solution. The rat CT has 2 sodium-sensitive pathways-one selective for sodium and one broadly tuned to salts. The salt-generalist pathway responds non-selectively to monovalent cations, and is mediated by a benzamil-insensitive mechanism that is not well understood. It has been proposed that this mechanism may be mediated through a TRPV1 channel (Lyall et al. 2004) ; however, subsequent physiological and behavioral studies in rats (Breza et al. 2012a ) and TRPV1 KO mice (Smith et al. 2012) have not supported the role of the TRPV1 channel in salt-taste transduction.
The salt-generalist pathway has been proposed to have osmotic sensitive responses (Lewandowski et al. 2016) . Supporting this hypothesis are several lines of data. First, rodent taste receptor cells respond to both hyperosmotic (Lewandowski et al. 2016 ) and hypoosmotic stimuli (Watson et al. 2007) , and express water-sensitive aquaporin channels (Watson et al. 2007 ). Second, rodent brain stem regions associated with taste processing exhibit excitatory responses to hypoosmotic stimuli (Rosen et al. 2010; Tokita and Boughter 2012) , as does the gustatory cortex (MacDonald et al. 2012) . Third, gustatory neurons in drosophila (Cameron et al. 2010 ) and C. elegans (Wang et al. 2016 ) display osmotic responses. However, we detected no increase in CT activity to hypoosmotic stimuli, including one made to mimic naturally occurring water. Conversely, a recent report demonstrated sustained CT responses to hypoosmotic stimuli that was dependent upon acid-sensing taste receptor cells and a drop in the salivary bicarbonate concentration (Zocchi et al. 2017) . Such hypoosmotic stimulation was absent in our findings, as we do not include bicarbonate in artificial saliva. Indeed, simply reducing taste solution osmotic pressure does not stimulate either the rat CT (Lyall et al. 1999) , nor the mouse CT nerve (Zocchi et al. 2017) . Therefore, in both the rat and the mouse, CT hypoosmotic responses, or the lack thereof, appear to be dependent upon mechanisms that detect a basic taste (i.e., salty, sour). While it is intriguing to consider hypoosomitc sensing to function via a loss of a salivary component (i.e., the removal of bicarbonate), it is still unclear how rodent taste nerves or the saltgeneralist pathway contribute to osmotic signaling.
The sodium-specialist pathway responds selectively to sodium (Ninomiya and Funakoshi 1988; Lundy and Contreras 1999) and lithium (Boudreau et al. 1983 ) and is likely mediated by ENaC (Heck et al. 1984; Chandrashekar et al. 2010) . Each inducible thirst had a benzamil-sensitive component, thereby supporting the role of ENaCmediated NaCl taste in thirst. Interestingly, sodium deprivation also induces a physiological state of sodium-water imbalance, but in the opposite direction. Sodium deplete herbivores need to increase, not avoid, sodium ingestion. Hence, in rats, sodium depletion blunts the CT responses to sodium, specifically through NaCl-best neurons (Contreras and Frank 1979; Garcia et al. 2008) , which use ENaC for transduction (Ninomiya and Funakoshi 1988; Lundy and Contreras 1999) . Here, we show that thirst increases CT responses to NaCl. Thus, 2 different physiological states-those of too much and too little sodium-alter CT sodium responses via a single ion channel, ENaC. The fact that both volemic and osmotic thirst increase NaCl through the benzamil-insensitive pathway suggests that other mechanisms are also involved and warrant future investigation.
What hormones are driving changes in NaCl sensitivity induced by thirst? Anti-diuretic hormone, or arginine vasopressin (AVP), is one possibility. AVP increases ENaC conductance in the kidney, without increasing protein expression (Mironova et al. 2012; Mironova et al. 2015) and could thus be achieved on a short time scale. PEG treatment (Dunn et al. 1973; Stricker and Verbalis 1986) and hypernatremia (Dunn et al. 1973; Tucker and Stocker 2016) increase plasma AVP concentration. While water deprivation increases AVP expression in the hypothalamus (Greenwood et al. 2014 ) and concentration in the blood (Dunn et al. 1973) . In awake-behaving rats, acute thirst from hypernatremia increases plasma AVP concentration and water consumption, which then provides negative feedback for further AVP release (Huang et al. 2000) . Interestingly, acute AVP treatment enhances NaCl responses in a frog taste nerve (Okada et al. 1991) . Another possible hormone is aldosterone. Aldosterone is very active in salt balance (Daniels and Fluharty 2004) , including altering salt-taste guided behaviors, and plasma aldosterone is also increased by PEG administration (Stricker et al. 1979) . Aldosterone also increases ENaC expression in the kidney (Asher et al. 1996) . Acute aldosterone treatment increases CT NaCl responses in a seemingly ENaC-dependent manner (Herness 1992) . Chronic aldosterone treatment has no effect on CT NaCl responses (Guagliardo et al. 2009 ). However, when aldosterone treatment is paired with salt-sensitive hypertension, then CT NaCl responses are reduced (Sakamoto et al. 2016 ). Further, angiotensin II, a hormone that triggers aldosterone release in hypovolemia and induces drinking (Daniels et al. 2005) , also reduces CT NaCl responses in a seemingly ENaC-dependent manner in water-replete, but not in water-deprived mice (Shigemura et al. 2013) . Thus, CT NaCl responses are likely modulated by multiple signaling pathways.
Hormones interact synergistically to regulate fluid homeostasis (Daniels and Fluharty 2004) . In light of this, both aldosterone and AVP are able to independently increase ENaC inserted into the surface membrane of the collecting tubule (Mironova et al. 2012 ) and when both elevated have a maximal increase in kidney-dependent ENaC activity (Bugaj et al. 2009 ). In our own data, the effects of 24h water deprivation-which induces both hypovolemia and hypernatremia-are different from the effects of inducing either in isolation. Indeed, the signals are likely interacting at the same time and as the fluid compartments become partially replete (De Luca et al. 2007 ). Therefore, a vital question remains as to exactly how thirst hormones work together to alter fluid balance in general, and, specifically, to increase ENaC-dependent sodium transduction during taste.
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